Abstract. Transfected CVl cells were used to compare the in vivo effects of various domains of villin and gelsolin . These two homologous actin modulating proteins both contain a duplicated severin-like sequence . Villin has in addition a carboxy-terminal domain, the headpiece, which accounts for its bundling activity.
pare the in vivo effects of various domains of villin and gelsolin . These two homologous actin modulating proteins both contain a duplicated severin-like sequence . Villin has in addition a carboxy-terminal domain, the headpiece, which accounts for its bundling activity.
The effects of the villin-deleted mutants were compared with those of native villin . Our results show that essential domains of villin required to induce the growth of microvilli and F-actin redistribution are present in the first half of the core and in the headpiece. We also show that the second half of the villin core cannot be exchanged by its homolog in gelsolin .
When expressed at high levels of CVl cells, full V ILLIN and gelsolin are two highly homologous calcium-regulated proteins modulating actin polymerization. Villin, first isolated by Bretscher and Weber (1979) , is a specific marker for epithelial cells involved in absorptive processes. Gelsolin (Yin and Strossel, 1979) , widely distributed in mammalian cells (Yin et al., 1981 (Yin et al., , 1984 Kwiatkowski et al ., 1988) , exists in two isoforms, a cytoplasmic one and a secreted one, which derive from a single gene by alternative splicing (Kwiatkowski et al ., 1986 (Kwiatkowski et al ., , 1988 . Cytoplasmic gelsolin has been proposed to be implied in a number of physiological functions requiring rapid actin cytoskeleton reorganization, such as endocytosis (Yin et al ., 1981) , signal transduction (Chaponnier et al., 1987) , and cell locomotion (Cunningham et al ., 1991) .
Villin and gelsolin (respective molecular masses of 92 kD and 81 kD), can sever, cap, and nucleate actin filaments in a calcium-regulated manner (Yin and Stossel, 1979; Glenney et al., 1981x; Matsudaira et al., 1985) . Some of these activities are also modulated by polyphosphoinositides (Janmey . However, gelsolin severs F-actin in the presence ofmicromolar calcium (Yin and Stossel, 1979; Coue and Korn, 1985) , while half-maximal villin length gelsolin completely disrupted stress fibers without change of the cell shape. Addition of the villin headpiece to gelsolin had no effect on the phenotype induced by gelsolin alone. Expression of the first half of gelsolin induced similar modifications as capping proteins and rapid cell mortality ; this deleterious effect on the cell structure was also observed when the headpiece was linked to the first half of gelsolin . In cells expressing the second half of gelsolin, a dotted F-actin staining was often seen. Moreover elongated dorsal F-actin structures were observed when the headpiece was linked to the second gelsolin domain .
These studies illustrate the patent in vivo severing activity of gelsolin as well as the distinct functional properties of villin core in contrast to gelsolin. severing activity requires 200 jAM calcium (Northrop et al ., 1986) . In addition, villin, but not gelsolin, bundles actin filaments (Bretscher and Weber, 1980) at low calcium concentration (<1 AM) . A large number of experiments carried out with proteolytic fragments from villin and gelsolin have allowed the definition of functional domains in each protein. In summary (see Fig . 1 for references), villin's capping, nucleating, and severing functions as well as its calcium and polyphosphoinositide regulation have been localized to an 87-kD aminoterminal domain of the protein, named core. Villin's bundling activity requires both the core and the carboxy-terminal 8.8 kD of the molecule named headpiece . In gelsolin, severing, capping, and polyphosphoinositides regulation have been assigned to the amino-terminal half of the protein, while nucleation and at least part of the calcium regulation have been localized to the carboxy-terminal half.
Analysis of the cDNA sequences of villin (Arpin et al., 1988; Bazari et al ., 1988) and gelsolin (Kwiatkowski et al ., 1986) showed 45% homology between the two proteins. Both contain a duplicated protein segment (that we denote Vl and V2 in villin, Gl and G2 in gelsolin), homologous with the 40-kD severing proteins from lower eucaryotes: severin (André et al ., 1988) and fragmin (Ampe et al ., 1987) . In addition, villin has a carboxy-terminal domain coding for the headpiece, unique among all actin binding proteins so far described (see Fig . 2 ) . The structural symmetry observed in villin core and in gelsolin does not parallel the functional asymmetry noted above for each protein .
We have previously reported (Friederich et al., 1989 ) that expression of the villin cDNA in CVl cells induced the growth oflong microvilli at the cell surface accompanied by redistribution of F-actin ; these effects required the presence of the headpiece. Similar observations were later made by Franck et al . (1990) using microinjection to introduce villin into 3T3 cells. In contrast, microinjection of gelsolin into fibroblasts has given variable results (Cooper et al ., 1987 ; Huckriede et al., 1990) .
In this paper, we compared in the same in vivo system (transfected CVl cells), the expression of several mutants of villin and gelsolin . We studied two parameters : (a) the subcellular localization of the proteins and their association with the F actin filaments, and (b) their ability to induce modifications of the actin cytoskeleton .
Materials and Methods

Cell Culture
Unless otherwise indicated, CVl cells were grown in Dulbeccds minimum medium supplemented with 10% FCS at 37°C, under a 10% COZ atmosphere .
Transient cDNA Expression in CVl Cells
CVl cells were transfected using DEAE dextran as described previously (Friederich et al ., 1989) with the following modifications . To limit cell damage the DNA-DEAE dextran incubation step was reduced to 30 min . After removal of the DNA-DEAE dextran mixture, the cells were treated for 2-3 h with culture medium containing chloroquine (50 14g/ml ; Sigma Chemical Co., St . Louis, MO) under a 5% COZ atmosphere . Cells were analyzed 4072 h after addition of DNA .
Recombinant DNA Constructions
For DNA engineering, standard procedures as described by Sambrook et al . (1989) were used .
All the constructs were engineered in pSP, pGEM (Promega Biotec, Madison, WI), Bluescript or Bluescribe (Stratagene, La Jolla, CA) vectors, and then inserted into expression vector pSV51 (Huylebroeck et al ., 1988) . Oligonucleotide linkers were purchased from Pharmacia Fine Chemicals (Pharmacia, France) . The position of the restriction sites used in the constructions are indicated in Fig . 2 (villin Deletion Mutants) .
For construction of the Vl+ headpiece mutant, the full-length villin cDNA (Arpin et al ., 1988) was digested with BamHI . Ends were filled in with the Klenow fragment of DNA polymerase I . After ligation of an octomeric Kpnl linker, the plasmid was recircularized . Digestion with KpnI removed a 906-bp fragment encoding the second half of the core . The religated plasmid (Vl+ headpiece), coded for a mutant in which villin residue 411 was directly linked to residue 714. For the construction of the ANT villin mutant, villin cDNA was digested with Smal and an octomeric AatII linker was ligated to the plasmid as described above. Digestion with AatII removed a 351-bp fragment . The religated plasmid coded for a mutant in which villin residue 16 was directly connected to residue 134 .
Gelsolin and Gelsolin Deletion Mutants. Gelsolin cDNA (Kwiatkowski et al ., 1986) was excised from Bluescript and directly inserted into pSV51 . The construction encoding the first domain of gelsolin was obtained by deletion of the cDNA segment comprised between two NcoI sites (bp positions 1310 and 2342 in cytoplasmic gelsolin cDNA) . The religated plasmid coded for a mutant in which cytoplasmic gelsolin residue 380 was directly linked to residue 725. To construct the mutant encoding the second half of gelsolin, the cDNA fragment located downstream from the Bg1II site (position 1345) was purified . To reconstitute the amino-terminal part of the second gelsolin domain, an adaptor was created by annealing two 40 mers oligonucleotides. This adaptor included an EcoRl site, an initiator ATG as well as the nucleotides encoding gelsolin residues 388-396. The resulting construct then coded for a gelsolin mutant comprising residues 387730.
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Gelsolln-NAin Chinteros. Chimera 1 (Gelsolin + headpiece) was sequentially assembled in a Bluescribe vector before subcloning in pSV51 . A Ncol/BamHl adaptor (C ATG GAT CCC TTC AAG) was used to link cytoplasmic gelsolin residue 725 to villin residue 713 directly. Chimera 2 (Gl + headpiece) and chimera 3 (G2 + headpiece) were derived from the chimera 1 construct in a similar way as described above for construction of gelsolin deletion mutants. Chimera 2 connected the gelsolin residues 1-380 with the villin fragment 713-825. Chimera 3 connected gelsolin residues 387-725 with the villin fragment 713-825. Chimera 4 (VI + G2 + headpiece) was assembled as follows . A villin cDNA fragment encoding the VI domain (see villin constructs) was subcloned in pSP72 vector. This fragment and a 28 oligonucleotide portion of the vector polylinker was inserted upstream the BglH site in chimera 3 (G2 + headpiece) . Chimera 4 then comprised : villin residues 1-410, a linker portion encoding 7 extra amino acids (S-/W-/N-/S-/S-/M-/M), gelsolin residues 397725 and the villin residues 713-825.
Villin and Gelsolin Antibodies
Monoclonal anti-human villin antibodies have been previously described (Dudouet et al ., 1987) . Polyclonal anti-gelsolin antibodies were raised in rabbits using purified human plasma gelsolin (generous gift from J. Bryan, Baylor University, Houston, TX) and affinity purified as previously described (Coudrier et al ., 1981) .
Immunoblotting
Transfected cells plated on 3 .5-cm culture dishes were washed twice with ice-cold PBS and lysed by addition of 200 pl of Laemmli sample buffer (Laemnili, 1970) . Cell lysates were immediately transferred to an Eppendorf tube and boiled for 5 min . 10 pl of each cell lysate was used for immunoblotting analysis. Proteins were separated by SDS-PAGE under reducing conditions. Transfer to nitrocellulose and antibody incubations were performed according to the method described by Burnette (1981) and modified as previously described (Coudrier et al., 1983) .
Indirect Immunofuorescence
Transfected cells were fixed with 3 % paraformaldehyde, permeabilized with 0.2% Triton X-100 and analyzed by indirect immunofluorescence as described . Staining was performed by incubation with either the monoclonal villin antibody or the affinity-purified polyclonal antigelsolin antibodies (0.5 pg/ml for each), followed by incubation with fluorescein-conjugated anti-IgG antibodies (Biosys, Compibgne, France) which were rabbit IgG specific in the case of polyclonal anti-gelsolin antibodies, or mouse IgG specific in the case of the monoclonal anti-villin antibody. For simultaneous visualization of F-actin distribution, rhodaminephalloidin (2 U per dish ; Sigma Chemical Co .) was added to the anti-villin or anti-gelsolin antibodies .
Results
Recombinant DNA Constructions DNA constructs are summarized in Fig . 2 . Básed on the previous in vitro studies with villin proteolytic fragments ( Fig . 1) , two villin deletion constructs were generated (Fig .  2 , left column). In the first one, denoted Vl + headpiece, the first half of villin core was directly joined to the headpiece . Referring to villin proteolytic fragments this construct connected the 44T domain to the headpiece . Since all the villin functions so far identified have been located to these two fragments, we hypothesized that this mutant should have similar functions as native villin . In the second deletion mutant, denoted ANTvillin, we removed a region corresponding to the 14-kD proteolytical fragment described by Janmey and .
Tvo constructs representing the amino-terminal and carboxy-terminal halves of gelsolin were engineered from cytoplasmic gelsolin cDNA (Fig . 2 , middle column) .
Four gelsolin-villin chimeras were constructed ( In chimera 1 (Gelsolin + headpiece), we replaced the complete villin core domain by the homologous gelsolin sequence. In this construction, the last five amino acids from gelsolin are missing, however, earlier in vitro studies have indicated that deletion of the last 17 gelsolin residues had no effect on its function (Kwiatkowski et al ., villin into a large amino-terminal 87-kD fragment, the core, and a small carboxy-terminal 8.8-kD fragment, the headpiece (Glenney et al ., 1981b) . The core retains the calcium-regulated nucleating, capping, and severing activities exhibited by native villin . The headpiece binds F-actin in a calcium-independent manner. The bundling function is lost by thecleavage of the molecule in these two domains indicating that one of the F-actin binding sites is located in the core while the other is located in the headpiece. Trypsin cleaves villin in two fragments: (Matsudaira et al ., 1985 ; Janmey and Matsudaira, 1988 ) the amino-terminal one, 44T, retains the same functions as the core except that nucleation ability is reduced. The carboxy-terminal fragment, 51T, binds G-actin in the presence of calcium. Further digestion of 44T led to a 14-kD fragment (14T) which binds G-actin andhas a partial capping activity (Janmey and . Chymotrypsin divides gelsolin in two fragments (Kwiatkowski et al., 1985 ; Yin et al ., 1988 ; Bryan, 1988) . The amino-terminal one, CT 45, caps and severs actin, but has no calcium regulation and no nucleating activity. The carboxy-terminal domain. CT 38, binds G-actin in a calcium-regulated manner ; it could also have some F-actin binding properties as suggestedby cross-linking studies (Sutoh and Yin, 1989) . The amino-terminal segment C777binds G-actin but has a poor capping activity (Chaponnier et al ., 1986) .
) . Chimera 2 (GI + headpiece) and chimera 3 (G2 + headpiece) both derived from chimera 1 by deletion of either the amino-terminal or the carboxy-terminal half of gelsolin . Such chimeras were analyzed to test if addition of the villin headpiece could interfere with gelsolin domain functions. In chimera 4 (VI + G2 + headpiece), the amino-terminal half of the villin core was linked via a seven residue spacer to chimera 3 . In this mutant, the second domain of the villin core (V2), is then replaced by the equivalent domain of gelsolin (G2) .
Monitoring the Synthesis ofthe Mutant Proteins
Immunoblotting was only used as an assay to monitor that all the constructs gave rise to the right size polypeptides (Fig . 3) . Villin deletion mutants (left panel) were detected using a villin specific mAb. Since this antibody recognizes an epitope at the carboxy-terminal end of the headpiece (E . Friederich, unpublished observations), the use of this reagent also confirmed the conservation of the reading frame in the headpiece containing constructs . Cells transfected with wild-type villin were used as positive controls . Immunoblots of lysates from CV1 cells producing villin deletion mutants revealed protein bands with an apparent molecular mass of 84 and 60 kD, respectively, corresponding to that calculated from the amino acid sequences (Arpin et al ., 1988) . No band was visualized in the lane corresponding to mock transfected CV-1 cells . Mutants containing gelsolin or gelsolin fragments were detected using a polyclonal gelsolin antibody (middle panel) . In untransfected cells, this antiserum revealed a strong band with an apparent molecular mass of 87 kD, corresponding to endogenous gelsolin of CVI cells . In lysates from cells transfected with the full length gelsolin cDNA, no additional band could be detected, suggesting comigration of the endogenous gelsolin and of the recombinant gelsolin coexpressed in positive cells. Moreover, immunofluorescence observations (see below) confirmed the overexpression of gelsolin in transfected cells . Faint bands of the expected size, 46 kD, were detected in lysates from cells transfected with the first or second domain of gelsolin . The gelsolin-villin chimeras were analyzed using the monoclonal villin antibody allowing their specific identification (right panel) . The apparent molecular masses were in agreement with those predicted for each chimera (97, 52 .5, and 92 kD). Effects ofMutants and Chimeras on F-Actin Organization in CV-1 Cells Transfected cells were examined by double-fluorescence staining to visualize both mutant or chimeric protein distribution and the F-actin architecture (rhodamine-phalloidin) .
Since the effects of wild-type villin on actin cytoskeleton are dependent on high synthesis levels (Friederich et al ., 1989) , we report here our observations on cells producing large amounts of the transfected proteins, as evaluated from the intensity of the immunofluorescence signal . This procedure is indeed not quantitative but has the advantage of examining a cell population on the basis of a single cell. Villin Mutants. The effects of villin deletion mutants on F-actin organization were compared to those observed with wild-type villin (Fig . 4) . We looked specifically for two easily detectable morphological modifications seen in villin transfected cells : the formation of spike-like F-actin structures on the dorsal face and the loss of stress fibers at the ventral face of CVl cells (Friederich et al., 1989) . Upper panels represent micrographs focused on the top of the cells stained with a villin antibody. Middle and lower panels show images of phalloidin stainings focused on the top and on the bottom of the cells, respectively.
Column A in Fig . 4 shows a representative cell expressing high levels of villin and illustrates the effects of the wild-type villin on F-actin network organization . A large number of elongated spike-like F-actin structures, which ultrastructural observations have shown to be long microvilli (Friederich et al ., 1989) , are seen on the dorsal face of CV1 cells (middle panel) . The colocalization of villin label (upperpanel) with these actin structures is only clearly visible here in some parts of the cells, probably because of the high level of villin expression causing the bluffed staining . Focusing on the bottom of the same cell (lower panel) demonstrated an absence of stress fibers, which were unperturbed in the adjacent villin-negative cell.
High level expression of the mutant V1 + headpiece (Fig .  4, column B) caused modifications of the F-actin cytoskeleton comparable to that observed with the wild-type villin. As seen in the middle panel, long spike-like F-actin structures also occurred, which were absent from the neighboring negative cell . The protein label (upper panel) co-distributed with that of F-actin structures (middle panel) . A partial disruption of stress fibers and a diffuse phalloidin label were observed at the ventral face of the cells (lower panel) . In this area of the cell, the villin mutant staining was diffuse (data not shown) . However, in comparison with cells producing wild-type villin, those synthesizing the Vl + headpiece mutant, displayed less frequently and to a smaller degree these morphological changes .
Analysis of cells producing the ANTvillin mutant (Fig .  4 , column C) showed that this mutant did not induce the formation of spike-like F-actin structures (middle panel) . These structures were never observed, even in cells producing very large amounts of the mutant protein . However, the protein label co-distributed with dotted F-actin stainings (upper and middle panels) . We have previously shown that this pattern corresponds to F-actin structures forming the cytoskeleton of the rudimentary microvilli present on the dorsal faces of normal CV1 cells (Friederich et al., 1989) . At the ventral face of the same ANTvillin transfected cell (lower The Journal of Cell Biology, Volume 116, 1992 panel), actin staining revealed a significant reduction of stress fibers, and in addition, a dotted F-actin staining pattern .
Effects of Gelsolin and Gelsolin Deletion Mutants. Labeling of gelsolin and gelsolin mutants are shown in Fig . 5 , A, C, and E, while B, D, and F show the corresponding actin staining .
In cells expressing high levels of gelsolin (A), the distribution ofthe protein was diffuse and a patchy appearance ofthe labeling was often seen . Notice here that endogenous staining in adjacent untransfected cells was very faint compared with the intensity of the fluorescence in highly positive cells, explaining why it was not possible to visualize endogenous gelsolin on the same micrograph. But the most striking effect, in cells expressing large amounts of gelsolin, was the nearly complete disruption of stress fibers (B) without change in the gross shape of the cells . In cells expressing lower levels of gelsolin, colocalization of the protein staining with the short F-actin microfilaments in the rudimentary microvilli on the dorsal face of the cells was observed and stress fibers did not appear significantly affected (data not shown) . However, we did not observe an association of gelsolin with stress fibers, possibly because ofthe strong diffuse labeling caused by an increased amount of cytoplasmic gelsolin .
Expression of the first halfof gelsolin had marked deleterious effects on the cells (C and D, the cell on the left side of each micrograph) . Transfected cells exhibited an abnormal shape and a complete disruption of the actin cytoskeleton, which appeared retracted and concentrated into foci into which the mutant protein colocalized . We could also visualize on the same micrograph, endogenous gelsolin labeling in untransfected cells, which was essentially associated with stress fibers (C and D, cells on the right side of each micrograph) . It is possible that, in spite of the fact that detergent permeabilization was done after fixation of the cells, some of the cytoplasmic gelsolin was lost (Cooper et al., 1988) .
In cells producing the second half of gelsolin (E and F), a dotted distribution of the protein labeling was often observed at the dorsal face of the cells (E) . This staining colocalized with the normal F-actin structures on the dorsal face. In cells expressing large amounts of this mutant, a partial disorganization of stress fibers occurred and a dotted F-actin label was seen near the ventral face of the cells (F) . We did not notice any cell mortality in transient transfection experiments with G2 .
Irllin and Gelsolin Chimeras. Fig. 6 shows doubleimmunofluorescence of cells transfected with three of the chimeras . The chimeric protein distributions (visualized using the headpiece specific antibody) are shown in A, C, and E, while the corresponding F-actin network organizations are shown in B, D, and E. Analysis of cells producing chimera 1 (Gelsolin + headpiece) revealed a protein labeling pattern similar to that observed with wild-type gelsolin, but with brighter staining ofthe cell periphery in comparison with gelsolin . Part of the chimeric protein colocalized with stress fibers (A) . However, rhodamine-phalloidin staining in the same area (B) revealed that only a few stress fibers were present in the positive cell, compared to the strong phalloidin labeling in the surrounding negative cells . This effect was essentially similar to that observed in cells expressing high amounts of gelsolin. Importantly, whatever the amount of the chimeric protein synthesized, as we could judge from (A and B) , the first half of gelsolin (C andD), andthe second half of gelsolin (E and F) . Cell cultures were fluorescently labeled for the transfected proteins using an affinity purified gelsolin antibody and a fluorescein-conjugated secondary antibody (A, C, and E) . F-actin stainings (rhodaminephalloidin) are shown in B, D, and E. A representative cell expressing the first half of gelsolin (Gl) is visualized in the left part of C and D. The lower expression level of this mutant required longer exposition times, explaining why we could also detect on the same micrograph, endogenous gelsolin in untransfected cells (right part of Cand D) . Eshows the dorsal face of a CVl cell transfected with the second domain of gelsolin (G2) and F illustrates the F-actin distribution at the bottom of the same cell . Bars, 10 jm .
the fluorescence intensity, we never observed any spike formation on the dorsal faces of the cells. In cells expressing chimera 2 (GI + headpiece), morphological alterations were very similar to those described in cells transfected with Figure 6 . Effects of gelsolin-villin chimeras on the formation of F-actin spike-like structures and actin cytoskeleton reorganization . Expression of gelsolin-villin chimeras (described in Fig . 2 ). Cell cultures were fluorescently double labeled for the transfected protein and for F-actin as described in Fig . 4 . Protein stainings are shown in A, C, and E and F-actin stainings in B, D, and F. A and B: chimera 1(Gelsolin + headpiece) ; C and D show the top of a cell transfected with chimera 3 (G2 + headpiece) . E and F illustrate a cell transfected with chimera 4 (VI + G2 + headpiece); notice here that E and F photos are different focal planes of the same cell: E (top of the cell) ; F(bottom of the cell) . Bars, 10 gym.
at the dorsal face of a positive cell, which are slightly more numerous, longer, and straighter than the rudimentary microvilli seen in negative cells . This effect was less intense than that seen with the mutant Vl + headpiece (Fig . 4, column B) , but was consistently observed in numerous transfection experiments. The expressed construct colocalized to these modified F-actin structures at the dorsal face of the cells (Fig . 6 C) . No modification of the stress fiber organization was seen in cells transfected with the chimera 3 (data not shown) . Chimera 4 (Vl + G2 + headpiece) had no reThe Journal of Cell Biology, Volume 116, 1992 producible effect on the F-actin organization at the dorsal face of the cells and did not induce any modification of the ventral stress fibers system (E and F) . Colocalization of part of this chimeric protein with F-actin was seen in the stress fibers and in the rudimentary microvilli on the dorsal face of the cells .
Discussion
Most of the data on the activities of villin and gelsolin do-1152 mains have been obtained from in vitro studies using either proteolytically derived fragments (see Introduction and Fig .  1 for references) or gelsolin deletion mutants expressed in Escherichia coli (Way et al ., 1989 (Way et al ., , 1990 Pope et al., 1991) or in Cos cells (Kwiatkowski et al., 1989) . In vivo studies are another approach to better understand the physiological role of these proteins . Here, we have compared the effects of villin and gelsolin domains in CV1 cells transfected with cDNÁs encoding a variety of mutants and chimeras. The chimeras are of particular interest, as they permit direct comparison between homologous domains of villin and gelsolin. The effects of the various mutants on spike formation and actin cytoskeleton disorganization are summarized in Table 1 .
All mutant proteins colocalized with microfilament-containing structures, suggesting that they associated with F-actin and were at least partially functional. This observation favors the hypothesis that in all cases conformationally correct proteins resulted from the cDNA constructions. We have previously shown that the effects of villin on actin cytoskeleton are dependent on high synthesis levels . In this study, we only describe the effects that we observed for each mutant in highly expressing cells, as judged from the intensity of the immunofluorescence signal . However, as it is not possible to quantify, in transient transfection experiments, the amount of protein produced per cell, it is difficult to directly correlate the effects observed with expression levels ofthe various constructs . Consequently, it is possible that some activities of the constructs were not detected in our transfection experiments because of an expression level insufficient to produce a detectable morphological effect. Nevertheless transient transfection experiments provide a useful approach since they permit visualization of phenotypic effects that may not constitute a selective advantage in permanent transformants as seems to be the case for cells overexpressing gelsolin (Cunningham et al., 1991) .
Most ofthe Information for irllin Function
Is Contained in the First Halfofthe Core and in the Headpiece Domain Based on previous reports indicating that, in vitro, functionally relevant villin sequences are located in these two domains (Fig. 1) , we examined the in vivo effects ofa villin mutant missing the second half of villin core. Our observations suggest that this mutant conserves the minimal structural requirements for villin function . However, an alteration in the spacing/three dimensional presentation of domains in the core and the headpiece may explain that the mutant was less efficient than native villin in reorganizing the actin cytoskeleton. Alternatively, the second halfofvillin core may directly contribute to villin function . We examined also whether or not, the second domain ofgelsolin could functionally replace the second halfofvillin core. Although chimera 4 (VI + G2 + headpiece) contained all sequence present in the truncated villin construct (VI + headpiece), it never induced F-actin spikes formation . These observations indicate that the second half of villin core and its homolog in gelsolin are not functionally equivalent .
To investigate the functional importance of the amino terminal end of villin, we constructed a mutant (ANT villin), missing a sequence corresponding to the 14-kD proteolytic fragment (Fig. 1) . This fragment binds to G-actin and par- (Janmey and Matsudaira, 1988) . Moreover, it contains a sequence (amino acid residues 72-93) which is highly homologous in villin, severin, and gelsolin . In severin, this sequence contains an actin-binding site and is crucial for capping (Eichinger et al., 1991) . As the ANTvillin mutant never induced the formation ofF-actin spikes, we suggest that the capping activity of villin may be necessary to induce spike formation. Capping and nucleating activities are closely related in villin (Glenney et al., 1981x ; Janmey and Matsudaira, 1988) , so nucleation may also be necessary for spike induction . It is therefore important to determine in vitro whether or not this mutant retains nucleating activity.
Disorganization of the actin cytoskeleton was observed in cells transfected with villin or villin mutants . The recruitment of actin monomers in the newly formed F-actin structures could account, at least partially, for the loss of stress fibers . However, the fact that in cells transfected with the ANTvillin mutant, the formation of F-actin spikes and stress fiber disruption are uncoupled, favors the idea that other mechanisms may be involved . Such mechanisms could also occur in cells transfected with the second half of gelsolin and, as previously reported, in those transfected with the villin headpiece (Friederich et al ., 1989) . We speculate that these various mutant proteins disrupt stress fibers by the displacement of stress fiber stabilizing proteins . This hypothesis is strengthened by the observation that both villin and gelsolin, compete in vitro for F-actin binding with tropomyosin, a protein known to stabilize stress fibers (Burgess et al., 1987) .
Overexpression ofGelsolin and Gelsolin Halves Disrupts Stress Fiber Organization
Overexpression of gelsolin had very drastic effects on the CVl actin cytoskeleton. This observation is similar to those reported by Cunningham et al. (1991) and with some, but not all experiments carried out by microinjection of gelsolin (Franck et al., 1990; Cooper et al ., 1987) . Significant differences in the amount of proteins accumulated in the cytoplasm may account for these results . In our transfection experiments, double immunofluorescence staining showed that the extent of stress fiber disruption paralleled the intensity 115 3 Gelsolin  -+++  G1  -+++  G2 -+ Gelsolin-villin chimeras Gelsolin + headpiece -+ + + G 1 + headpiece -+ + + G2 + headpiece f -V 1 + G2 + headpiece --of gelsolin labeling . Whether or not actin filament severing, the most characteristic in vitro activity of gelsolin, is involved in the disparition of most stress fibers remains to be elucidated . Our observations indicate that fully regulated gelsolin expressed at high levels can have important effects on the equilibrium between intracellular pools of G-and F-actin without immediately affecting cell viability or morphology.
In contrast, the first domain of gelsolin (Gl) induces an accumulation of Gl/F-actin aggregates and cell retraction . Similar effects were observed after microinjection of the first domain of gelsolin (Cooper et al ., 1987) or after microinjection of capping proteins (Fuchtbauer et al ., 1983) . Since the capping and severing activities of the first gelsolin domain are no longer regulated by Caz+ in vitro, irreversible interactions of the mutant with F-actin microfilaments may be responsible for its deleterious effect on actin organization, and finally cell mortality. Alternatively, the first domain of gelsolin may not only disrupt stress fibers but also affect the organization of focal contacts .
The Addition of the lrllin Headpiece to Gelsolin Did Not Reconstitute a Fillin-like Protein Villin core and gelsolin share the ability to bind F-actin exclusively in the presence of Caz+ (Fig. 1 , Glenney et al ., 19816 ; . Villin headpiece gives villin core the ability to bind F-actin in the absence of Caz+ . We therefore hypothesized that addition of villin headpiece to gelsolin might confer villin activity on the chimera . However, expression of this chimera did not induce spike-like F-actin structures as observed with villin, but drastically disrupted stress fibers, as observed with wild-type gelsolin . This result clearly shows that addition of the headpiece to gelsolin is not sufficient to create a molecule with villin-like properties . Moreover, villin headpiece appeared to have very little influence on the in vivo activities of gelsolin .
We also examined the effects of each gelsolin domain linked to the villin headpiece. In cells expressing chimera 2 (GI + headpiece), we observed the same phenotype as that observed in cells expressing the first half of gelsolin alone (see above) . In contrast to the preceding two chimeras, addition of the headpiece to the second gelsolin domain modified the effects of this domain in transfection experiments . In cells transfected with such chimera, F-actin structures on the dorsal face of cells appeared elongated . According to the results obtained with proteolytically derived fragments, the second half of gelsolin has weak Caz+ regulated actin binding activity (Kwiatkowski et al., 1985) . However cross-linking studies have suggested that it may contain an F-actin binding site (Sutoh and Yin, 1989) . The potential F-actin-binding site of the gelsolin fragment and the villin headpiece may act cooperatively to produce this effect. The possible actin-bundling or actin cross-linking properties of this chimera would beusefully examined in vitro. Nevertheless, it was surprising to observe that in cells transfected with chimera 4 (VI + G2 + headpiece) such modification of the dorsal microvilli did not occur. Thus, it is possible that the additional actin-binding sites in this chimera are not properly arranged .
Our observations with gelsolin villin chimera support the view that in evolution villin does not result from the simple addition of the headpiece domain to a pre-existent gelsolin structure. Divergent evolution in the nonhomologous do-
The Journal of Cell Biology, Volume 116, 1992 mains of the two proteins probably explains the large increase in calcium required for villin severing activity in comparison with gelsolin . Villin severing could be an ancestral function that does not occur under physiological conditions. These data are in agreement with the recent comparison of the genomic organization of human villin gene to that of human gelsolin : structural divergences between the two genes exclude a simple evolutionary link (Pringault et al., 1991) .
Conclusions
Transfection in CVl cells of villin and gelsolin mutants or chimeras allowed us to study the contribution of individual domains for the actin regulatory activities of the two proteins . In some respects, our data are consistent with the in vitro differences in calcium sensitivities and activities of the proteolytically isolated domains. Other results can be explained by several hypotheses relative to the direct actin regulatory properties of the mutants or their possible competition with other actin binding proteins in the cell. However, as we created mutants that cannot be obtained by proteolytic digestions, new experiments should investigate their in vitro properties . We anticipate that this work will pave the way for further studies, namely crystallographic work, that ultimately will help to understand in details the structural differences and similarities of villin and gelsolin accounting for their functional particularities .
